Introduction
RNA viruses consist of complex and dynamic distributions of non-identical but related genomes termed viral quasispecies (Domingo et al., 1978 Eigen & Schuster, 1979 ; Eigen & Biebricher, 1988 ; Holland et al., 1992) . In the course of virus replication, mutant genomes are generated at high rates, and are subjected to a continuous process of competition and selection. The presence of a dynamic mutant reservoir is an important determinant of virus adaptability, and it underlies failures of antiviral therapies (such as antiretroviral drug treatments for AIDS patients) and difficulties in designing effective vaccines (Duarte et al., 1994 ; Casadevall, 1996 ; Domingo et al., 1997 b ; McMichael & Phillips, 1997) .
The parameter commonly used to quantify the adaptation of an organism to its environment is fitness (Williams, 1992 ;  Author for correspondence : Esteban Domingo. Reznick & Travis, 1996) . For viruses, fitness has been measured as their ability to produce infectious progeny under a defined set of environmental conditions (Holland et al., 1991 ; Martı! nez et al., 1991 ; . Relative fitness values in cell culture have been determined by growth-competition experiments in which cells are co-infected with the virus to be tested and with a genetically or phenotypically marked reference virus. The progeny virus is used to infect fresh cells, and the process continued to complete a number of serial passages. Then the proportion of the test and reference virus is determined and compared with their proportion in the initial mixture (Holland et al., 1991 ; Martı! nez et al., 1991) .
Systematic studies on the dynamics of fitness variations with RNA viruses have established that repeated genetic bottlenecks (experimentally realized by serial plaque-to-plaque virus transfers) result in average fitness losses (Chao, 1990 ; Duarte et al., 1992 ; Escarmı! s et al., 1996) . In contrast, large population passages of RNA viruses lead to exponential fitness gains (Novella et al., 1995 b) . In some cases such gains are cell type-dependent : following persistent replication in insect cells, vesicular stomatitis virus (VSV) reached fitness values that N. Sevilla and others N. Sevilla and others Fig. 1 . Passage history of FMDV C-S8c1 to yield viral populations L and S. Plaque-purified C-S8c1 (Sobrino et al., 1983) was used to establish a persistent infection in BHK-21 cells (de la Torre et al., 1985) . The virus shed from the persistently infected cells at cell passage 100, termed R100 (Dı! ez et al., 1990 ) (2i10 5 p.f.u.) was used to infect 2i10 6 to 4i10 6 BHK-21 cells cytolytically in triplicate series. At passage 60 each viral population was split in two, and passages continued either a m.o.i. of 0n04 p.f.u. per cell (S-1, S-2, S-3) or 1 p.f.u. per cell (L-1, L-2, L-3). The populations composed of equal p.f.u. of the L and S populations are termed pool L and pool S, respectively. Further details of the procedures used have been previously reported and are given in Methods.
were 2 million-fold larger in insect cells than in mammalian cells (Novella et al., 1995 a) . Also, the processivity defect during reverse transcription of lamivudine-resistant mutants of human immunodeficiency virus type 1 (HIV-1) was enhanced when the deoxynucleotide substrates were present at limiting concentrations (Back et al., 1996) . For this reason, the wild-type HIV-1 outcompeted the lamivudine-resistant variant in primary blood mononuclear cells that contained relatively low substrate levels. In contrast, the two viruses coexisted during several passages in the established Sup T1 cell line (Back et al., 1996) .
In the present report we provide evidence that the relative fitness of two competing viruses may also depend on the multiplicity of infection (m.o.i.) used in the infections. The first suggestion of this effect came from studies on the evolution of the important animal picornavirus foot-and-mouth disease virus (FMDV) in cell culture. FMDV clone C-S8c1 (Sobrino et al., 1983) was used to establish a persistent infection in BHK-21 cells (de la Torre et al., 1985 Torre et al., , 1988 . After 100 passages of the persistently infected cells the resident virus, termed FMDV R100, had acquired a number of genetic and phenotypic modifications that distinguished it from the parental clone, CS8c1 (de la Torre et al., 1988 ; Dı! ez et al., 1990) . To study whether the genetic and phenotypic modifications acquired by the persistent FMDV R100 would revert upon subjecting the virus to cytolytic passage, the experiment described in Fig. 1 was carried out . The same starting virus (R100) was used to complete 100 serial cytolytic passages to yield six viral populations : L-1, L-2, L-3 (derived from infections in which the last 40 passages were carried out at an m.o.i. of 1 p.f.u. per cell), and S-1, S-2, S-3 (last 40 passages at an m.o.i. of 0n04 p.f.u. per cell) [described in detail in Sevilla & . The origin and evolutionary history of the viruses are described in Methods and depicted in Fig. 1 . Only amino acids (single-letter code) which differ from those of C-S8c1 are given in the corresponding position. The highly conserved Arg-Gly-Asp (RGD) triplet is boxed. Peptide A21 (and its variant forms used in infectivity-inhibition assays) spans residues 136 to 156, as indicated at the top. The structure of this loop for C-S8c1 in the form of a complex with antibodies is known (Verdaguer et al., 1995 (Verdaguer et al., , 1998 . Domingo (1996) , and summarized in Fig. 1 ]. Comparative analyses of populations L-1, L-2, L-3, S-1, S-2 and S-3 with their parental FMDV, R100, revealed partial or complete reversion of some phenotypic traits but not of others. In particular, an increased virulence for BHK-21 cells acquired by R100 was maintained in the six progeny populations whereas a strong temperature sensitivity of R100 reverted in L-1, L-2 and L-3 but not in S-1, S-2 and S-3 . Sequence analysis of the capsid-coding regions revealed a closer similarity among the L populations and among the S populations, although mutations affecting only one or two of the three kin lineages were also identified ; N. Pariente and others, unpublished results). Surprisingly, a variant R100 with two amino acid substitutions next to a conserved Arg-Gly-Asp triplet (L-144 V and A-145 P, located within the G-H loop of VP1, Fig. 2 ) became Fig. 1 ) (that corresponded to about 50 % of each type of particle according to the intensity of the diagnostic bands in the sequencing gel of the VP1-coding region) were passaged in triplicate using the virus-to-cell ratio indicated in each box.
The dominant genome of each competition series was determined by nucleotide sequencing of the VP1-coding region, as detailed in Methods. S means that no bands diagnostic of virus L (G-1996 and C-1999 ; were observed in the sequencing gels. Analysis of mixtures with known amounts of two distinguishable viruses indicates that the absence of a band diagnostic of L represents at least 90 % of virus S in the population. S* and S** mean populations with about 20 % and 30 % of L, respectively. L/S means 50 % (maximum range 40 to 60 %) of each virus.
dominant in passages involving large viral populations (series L in Fig. 1 ) but not in parallel passages involving small viral populations (series S in Fig. 1) . The G-H loop of VP1 is involved in recognition of an integrin receptor via an Arg-GlyAsp triplet (Fox et al., 1989 ; Mason et al., 1994 ; Berinstein et al., 1995 ; Herna! ndez et al., 1996 ; Jackson et al., 1997 ; Neff et al., 1998) and it forms a major antigenic site of the virus which for FMDV of serotype C has been termed site A (Mateu, 1995) . The substitutions at positions 144 and 145 abolished the reactivity of L-1, L-2 and L-3 with site A-specific monoclonal antibodies (MAbs) . This is expected from the direct involvement of the Arg-Gly-Asp and neighbouring residues in interaction with neutralizing antibodies that recognize different epitopes within site A (Verdaguer et al., 1995 (Verdaguer et al., , 1998 . Because of shared genetic and phenotypic features and the identical passage history among the three L and among the three S populations, the L populations at passage 100 were pooled to produce population L, and the three S populations at passage 100 were pooled to produce population S (indicated as pool L and pool S in Fig. 1 ). These two populations, which differ in the m.o.i. of their most recent 40 serial passages (see Fig. 1 ), have been further examined in the present study to provide evidence that FMDV can adapt to the m.o.i. of its passage history. This result reveals a new element of complexity in the evolution of RNA virus quasispecies, since it implies that a mutant spectrum (Domingo et al., 1978 Eigen & Schuster, 1979 ; Eigen & Biebricher, 1988 ) may evolve differently depending on the proportion of susceptible cells that surrounds it.
Methods
Cells, viruses and infections. The origin of cloned BHK-21 cells has been described (Sobrino et al., 1983 ; de la Torre et al., 1988) . Wildtype and glycosaminoglycan-deficient Chinese hamster ovary (CHO) cells (mutants pgsA-745 and pgsD-677) were kindly provided by J. D. Esko (Esko et al., 1985 ; Lidholt et al., 1992) . FMDV populations S-1, S-2, S-3 and L-1, L-2, L-3 are derivatives of the persistent FMDV R100 (Dı! ez et al., 1990) obtained by serial cytolytic passage in BHK-21 cells as described previously . Populations S and L are pools of equal amounts of populations S-1, S-2, S-3 and L-1, L-2, L-3, respectively (see Introduction and Fig. 1 ). Mixtures of equal p.f.u. of pools S and L were used to infect BHK-21 cell monolayers under six different passage conditions involving different virus and cell numbers, and m.o.i. values ranging from 0n01 to 10 p.f.u. per cell. In each case, triplicate samples were subjected to 20 serial passages as detailed in Fig. 3 . BHK-21 cell monolayers were grown in Dulbecco's modification of Eagle's medium (DMEM) containing 5 % foetal calf serum. Cells were grown at 37 mC in an atmosphere with 7 % CO # . For infection, the medium on confluent monolayers was removed, the cells were washed with DMEM, and the desired virus (or virus mixture in a volume of 0n2 ml per 60 mm CJHD N. Sevilla and others N. Sevilla and others diameter culture dish) was added onto the cell monolayer. Virus was allowed to adsorb for 1 h at 37 mC in 7% CO # with gentle stirring every 15 min. Then the virus inoculum was removed, the monolayers washed with DMEM and the cells overlaid with DMEM containing 2 % foetal calf serum (2 ml of medium in a 60 mm diameter culture dish). Infections were allowed to proceed until cytopathology and cell detachment were nearly complete (15 to 25 h, depending on the virus and the m.o.i.). Virus samples were titrated by plaque assay, as described previously (Sobrino et al., 1983) .
RNA extraction, RT-PCR amplification and nucleotide sequencing. The dominant viral genomes in the course of the competition passages were determined from the average nucleotide sequence in the VP1-coding region, since genomes in population L differ from genomes in population S at positions 1996 and 1999 [corresponding to amino acids 144 and 145, respectively, in VP1 (see Fig. 2 ; nucleotide residue numbering as in ]. To this effect, a sample of the supernatant of infected cells (200 µl) was treated with proteinase K (1 µg\µl) in the presence of 1 % SDS for 20 min at 37 mC and then 10 min at 45 mC. The mixture was extracted three times with phenolchloroform-isoamyl alcohol-8-hydroxyquinoline. Nucleic acids were recovered by ethanol precipitation, with washing of the pellet. Primers for the RT-PCR, and the procedures for amplification and nucleotide sequencing, were as described in . Virulence for BHK-21 cells was measured as the minimum number of p.f.u. required to kill 10% BHK-21 cells in 24 h under our standard infection conditions . For CHO cells the time of infection was extended to 72 h (Baranowski et al., 1998) . Labelling of FMDV with [$&S]methionine (Amersham), virus purification and cell binding-competition assays were carried out as described previously (Herna! ndez et al., 1996 ; Mateu et al., 1996) .
Binding to heparin-Sepharose. Heparin-Sepharose CL-6B beads (Pharmacia Biotech, ligand density 2 mg porcine heparin\ml drained gel) and control Sepharose CL-6B beads were resuspended as a 10 % (w\v) slurry in PBS (0n1 % azide). The viral suspension (in DMEMj0n2 % foetal calf serum ; 500 µl) was incubated with the equivalent of 200 µl of beads washed in DMEM. Virus binding was for 1 h at room temperature with gentle rocking. Unbound virus (to control and to heparin-Sepharose beads) was titrated by plaque assay, as described previously (Sobrino et al., 1983) . Synthetic peptides. Peptide A21 variants representing the amino acid sequence of C-S8c1 or of its derivatives FMDV L or S (Fig. 2) were kindly provided by M. L. Valero and D. Andreu. They were synthesized by solid-phase procedures as described previously (Carren4 o et al., 1992 ; Mateu et al., 1996) . The peptides were at least 90 % pure as determined by HPLC. Peptides were dissolved in PBS at neutral pH, and their concentration was determined by amino acid analysis . Assays of inhibition of infectivity by synthetic peptides were carried out as described previously (Herna! ndez et al., 1996 ; Mateu et al., 1996) .
Results

Virus production by FMDV populations L and S is indistinguishable
To test whether FMDV populations L and S (Fig. 1 ) differed in their ability to yield infectious progeny upon infection of BHK-21 cell monolayers, cells were infected in parallel with either L, S or C-S8c1 as described in Methods, at an m.o.i. of 0n1, 1 or 10 p.f.u. per cell. The results (Fig. 4) show that in a single-step growth curve, populations L and S yielded indistinguishable amounts of infectious progeny. The more rapid virus production by L and S, as compared with C-S8c1, is expected from the increased virulence of these two populations for BHK-21 cells .
Selective advantage of population S dependent on the m.o.i.
Growth curves such as those determined for pools L and S (Fig. 4) can only reveal considerable differences in viral production. Small differences can be manifested in competitive serial passages as carried out in relative fitness determinations (Holland et al., 1991 ; Martı! nez et al., 1991) . To investigate a possible fitness difference between populations S and L, six competition passage series were carried out, each in triplicate, under different infection conditions, as detailed in Methods, and depicted in Fig. 3 . The evolution of the different competing populations was followed by nucleotide sequencing of the VP1-coding region of the initial populations, and that of each CJHE Fig. 5 . Influence of the m.o.i. on the evolution of FMDV L-1p85. L-1p85 is the population at passage 85 of the L-1 series described by , and depicted in Fig. 1 . Samples of this populations were passaged in triplicate using the infection conditions indicated in the boxes. The outcome of the competitions was determined by nucleotide sequencing of the VP1-coding region. Symbols for virus dominance are those indicated in the legend to Fig. 3. population at passages 5 and 20. The results indicate that in all cases when the m.o.i. was 0n01 or 0n1 p.f.u. per cell, population S became dominant (its proportion amounted to at least 80 %) over population L at passage 5. At an m.o.i. of 1, S coexisted with L at passage 5 in all cases, and it became dominant at passage 20 in only one of the three series. L and S coexisted (not more than 60 % of one of the viruses) in the six series carried out at an m.o.i. of 10 (Fig. 3) . The effect was due to the m.o.i. and not to the population size of the infecting virus, since both L and S were maintained in passage series 4, in which the infecting p.f.u. were identical to those in series 3 (Fig. 3) . Thus, the selective advantage of S over L competing in infections of BHK-21 cells was dependent on the m.o.i.
Variation of m.o.i. can alter FMDV evolution
In a detailed analysis of passage series L-1 (Fig. 1) , found that the proportion of variant L relative to variant S increased gradually from about 20 % at passage 82 to about 75 % at passage 99 (Fig. 4 in . This particular passage series offered the opportunity to test whether the observed evolution towards dominance of L could be altered by changing the m.o.i. Triplicate samples of L1p85, a passage at which the proportion of variant L was about 50 %, were subjected to serial passages at an m.o.i. of either 0n1 or 10 p.f.u. per cell. S became dominant in all passages at an m.o.i. of 0n1 p.f.u. per cell, and population L and S coexisted in the three series carried out at an m.o.i. of 10 p.f.u. per cell (Fig.  5) . This result provides further support for an effect of the m.o.i. in the dominance of one subset of variants in an evolving viral quasispecies.
A difference in affinity for heparin and host range for FMDV populations L and S
Since a difference in fitness between population L and S could be manifested only at low m.o.i. we investigated whether receptor recognition and virus entry into the cell could play a role in the selective advantage of S at low m.o.i. Synthetic peptides representing residues 136 to 156 of the G-H loop of VP1 of FMDV C-S8c1 are strong inhibitors of the infectivity of FMDV C-S8c1 for BHK-21 cells, presumably by binding an integrin receptor for FMDV (Herna! ndez et al., 1996) . To test whether FMDV population L could be distinguished from population S with regard to inhibition by peptide A21 (which spans residues 136 to 156 of VP1 ; Fig. 2) , we determined the infectivity of the two viruses on BHK-21 cell monolayers treated with increasing amounts of peptide A21. The results (Fig. 6) show that the IC &! for FMDV C-S8c1 was about 1 µM A21, and the inhibition of infectivity was complete at a concentration of 1 mM A21. In contrast, FMDV L and S were at least 1000-fold more resistant than FMDV C-S8c1 to inhibition by peptide A21. Furthermore, modified A21 peptides representing the sequence of FMDV L or S (Fig. 2 ) also failed to inhibit the infectivity of these variant viruses (data not shown). The infectivity of R100 was inhibited partially, with an IC &! of 1 mM. The results suggest that either FMDV L and S recognize a different receptor than FMDV C-S8c1, or that they recognize the same receptor, but they do so with a much higher affinity than peptide A21 or its variants. Because of their higher affinity, FMDV L and S may displace the peptides from their cell attachment site. To test whether FMDV L, S and CS8c1 recognize the same or different sites on BHK-21 cells, we carried out binding-competition experiments with FMDV CS8c1 labelled with [$&S]methionine. The results (Fig. 7) show that unlabelled C-S8c1 (the homologous virus), L or S effectively competed with $&S-labelled FMDV C-S8c1 for binding to the cells. There was a slightly more effective competition by L but the possible significance of this small difference could not be established. The results suggest that the three viruses recognize either the same sites on BHK-21 cells or sites which must be in close spatial proximity. These experiments did not reveal any major difference in behaviour of L and S with regard to cell recognition. Jackson et al. (1996) made the interesting observation that heparan sulfate could mediate in the interaction of FMDV of serotype O with cells in culture, an observation that has been CJHF N. Sevilla and others N. Sevilla and others 
Table 1. Heparin binding and virulence for CHO cells of FMDV C-S8c1 and several progeny populations
For each virus used, the virus titre in p.f.u.\ml on BHK-21 cell monolayers is given in parentheses. The binding to heparin was calculated as the ratio of p.f.u. remaining in the supernatant of the viral suspension treated with control Sepharose beads (without heparin) relative to heparin-Sepharose beads. The procedure is described in Methods.
Virulence for CHO* Binding to FMDV heparin Wild-type pgsA-745 pgsD-677
* Virulence for wild-type and mutant CHO cells was measured as described in Methods. -indicates no cell killing observed with 50 µl of the corresponding FMDV at the titre (p.f.u.\ml) indicated in the first column.
confirmed by others (Sa-Carvalho et al., 1997 ; Neff et al., 1998) and extended to other viruses (Byrnes et al., 1998, and references therein) . The ability to use heparan sulfate is reflected in increased heparin binding and infectivity for CHO cells. For FMDV of serotype C (clone C-S8c1) adaptation to cell culture resulted in increased binding to heparin, although binding to heparan sulfate was not a requirement for the infection of CHO cells (Baranowski et al., 1998) . To test whether populations L and S underwent such phenotypic modifications, we compared heparin binding and infectivity for CHO cells of FMDV C-S8c1, its persistent derivative R100, and populations L and S (Table 1 ). The results show that CJHG populations S-1, S-2 and S-3 acquired a high heparin-binding phenotype while L-1, L-2 and L-3 maintained the moderate binding ability of R100 (Table 1) . Interestingly, in spite of their lower binding to heparin, L-1, L-2 and L-3 were at least 200-fold more virulent for wild-type CHO cells than S-1, S-2, S-3. None of the viruses infected the mutant forms of CHO cells which are deficient in glycosaminoglycan synthesis. Virulence for BHK-21 cells was indistinguishable for the L and S populations [virulence values were reported in and have been confirmed in the present study (results not shown), in parallel with determinations of virulence for CHO cells (Table 1) ]. The increased ability of S to bind to heparin (and perhaps to other negatively charged polymers) may contribute to its dominance in competition passages in BHK-21 cells carried out at low m.o.i. (see Discussion). The difference in heparin binding and infectivity for wild-type CHO cells between FMDV L and S marks an additional phenotypic difference between these two groups of viruses which must be the result of a highly reproducible genetic diversification during the last 40 passages of their evolutionary history (Fig. 1) . The difference was solely the virus to cell ratio in these late passages.
Discussion
A selective advantage of FMDV S over L was detectable only in competition passages carried out at low m.o.i. It could be argued that the advantage of S is merely the result of the higher number of viral multiplication cycles at low m.o.i. than at high m.o.i., and that given a sufficient number of passages, S would eventually become dominant under all passage conditions. It must be considered, however, that for a cell culture-adapted FMDV the viral yield is about 100 to 200 p.f.u. per cell (Sobrino et al., 1983 ; Fig. 4 ; E. Domingo and others, unpublished results) . This means that in an infection at an m.o.i. of 0n01, all cells are infected after one multiplication cycle. Thus, if S dominated the population at passage 5 at an m.o.i. of 0n01 or 0n1, S should be dominant in all cases at passage 10 at the latest, which is contrary to what is actually observed (Fig.  3) . Furthermore, we have tested other FMDV populations in competition assays, and an effect of m.o.i. on the relative fitness of two subpopulations has never been observed (Escarmı! s et al., 1996 ; and unpublished results) . When the effects of fitness are as subtle as those described here it is difficult to identify a specific step in the virus life-cycle responsible for the observed differences. And yet, from an evolutionary point of view, subtle replicative differences may have a strong effect in the long-term dominance of viral subpopulations. Fitness values for the different populations under study have not been determined. Relative fitness is generally measured using a reference virus as the competitor (Holland et al., 1991 ; Martı! nez et al., 1991 ; Novella et al., 1995 a, b) . We chose to determine the relative selective advantage of L and S by direct competition between the two populations of interest, as previously carried out with individual clones derived from population L-1 [described in Fig.  1 and in ]. However, it is possible to estimate that while the relative fitness of L and S at high m.o.i. is about 1, the fitness of S is at least 6-fold larger than that of L at low m.o.i. [calculated with the conservative assumption of 80 % dominance of S at passage 5, following the procedures for fitness measurements described in Holland et al. (1991) and Escarmı! s et al. (1996) ]. It is worth noting that in population biology, fitness differences of 10 % are considered as biologically highly meaningful (Lewontin, 1974) . In fact, fitness differences higher than 3-fold are rarely encountered among FMDV clones differing in their passage history in BHK-21 cells (Escarmı! s et al., 1996 ; and unpublished results) .
In comparing early steps in infection by FMDV populations L and S, the only significant difference we have observed is an increased ability of S to bind heparin. This did not parallel the relative virulence of L and S for wild-type CHO cells. Virulence for wild-type CHO cells was higher for populations L than for population S (Table 1) . At least for FMDV of serotype C the correlation between heparin binding and virulence for CHO cells is not straightforward. In a previous study, multiply passaged FMDV C-S8c1 acquired the ability to bind heparin, but the virus was as virulent for wild-type CHO cells as for CHO mutant pgsA-745 and pgsD-677 cells (Baranowski et al., 1998 ; and unpublished results) . However, the mutants analysed by Baranowski et al. (1998) had an entirely different origin and passage history than those analysed in the present report. Mutants MARLS, C-S8c1p100c10 and C-S8c1p100RGG were all derived from C-S8c1 by serial passage in BHK-21 cells at an m.o.i. of 1 to 2 p.f.u. per cell (Baranowski et al., 1998) . C-S8c1p100RGG was selected for its resistance to neutralization by MAb SD6, and it included the triplet RGG instead of RGD at VP1 positions 141 to 143 (Martı! nez et al., 1997) . These three variants were able to infect wild-type and mutant pgsA-745 and pgsD-677 CHO cells (Table 3 in Baranowski et al., 1998) . In contrast, viruses L-1, L-2, L-3, S-1, S-2, and S-3 were derived from R-100 with the passage history detailed in Figs 1 and 3 . The L and S viruses acquired the ability to infect wild-type CHO cells but not CHO mutant pgsA-745 or pgsD-677 cells (Table 1 ). The basis for this important difference is now under study.
If binding to heparan sulfate or to other negatively charged cell-surface polymers is a first step in the interaction of FMDV with BHK-21 cells (Jackson et al., 1996) it is possible that a low m.o.i. may lead to selection of viral subpopulations with increased affinity for such charged polymers. When an excess of virus is present at high m.o.i. [the p.f.u. to FMDV particle ratio is in the range 1 : 7i10$ to 1:1i10% (Verdaguer et al., 1997) ], binding to surface polymers may approach saturation and tend to become independent of the affinity of the virus for the surface polymers. In this view, the interaction of FMDV with the cell could be depicted as FMDVjHS C FMDV-HS FMDVi, in which HS represents heparan sulfate (or other N. Sevilla and others N. Sevilla and others charged structures) and i represents the irreversible internalization of FMDV via an integrin or other specific receptor that mediates cell entry. A similar mechanism was first proposed for the interaction of herpesviruses with cells, and then also for other viruses (reviews in Spear, 1993 ; Putnak et al., 1997) . This mechanism could operate to confer the selective advantage of population S over L in the competition passages at low m.o.i. (Fig. 3) , and also in the selection of S-1, S-2 and S-3 in the initial experiments reported by (Fig. 1) . High m.o.i. would be expected to select for variants with alternative mechanisms of internalization, and this is compatible with the increased virulence of L-1, L-2 and L-3 over S-1, S-2 and S-3 for CHO cells (Table 1) . Obviously other models are also possible. Differences between L and S in the efficiency of steps in their life-cycles which are dependent on trans-acting functions could lead to more-effective functional complementation between the two viruses at high m.o.i. We have completed the entire genomic sequence of some of the S and L populations, and a number of amino acid replacements affecting non-structural proteins distinguish these viruses (N. Pariente and others, unpublished results). Also, defective FMDV RNAs have been recently identified in multiply passaged FMDV populations (Charpentier et al., 1996 ; J. F. Garcı! a-Arriaza and others, unpublished observations), and it cannot be excluded that they may exert a slightly higher interference on the replication of S than L at high m.o.i., thus contributing to maintenance of a population balance between the two viruses. Preliminary results have failed to document a selective advantage of L over S in infections carried out in the presence of heparin (E. Baranowski and others, unpublished results), suggesting that multiple factors may permit the dominance of S in mixed infections with L. Elucidation of the detailed biochemical mechanisms underlying m.o.i.-dependent fitness will require additional studies which are likely to be complicated by the quantitatively minor nature of the biochemical differences involved. The amino acid sequence of the capsid proteins of S and L differed from that in R100 at VP1 positions 164 (Val Ile) and 194 (Asp Gly). L differed from S at VP1 positions 144 (L V) and 145 (A P) (Fig. 2) . One or a combination of these differences must be associated with the increased binding of S to heparin.
The results reported here may have some bearing on fitness determinations, which are increasingly important to define the fate of virus subpopulations evolving in cell culture and in vivo (reviewed in . When viruses with unequal fitness compete in serial infections, their proportion will vary in the course of passaging. It is too early to suggest whether effects of m.o.i., such as those we have described, might be common with other FMDV mutants or with other viruses. However, the results that we have obtained indicate that in competition assays it will be necessary to adjust the initial mixtures to a standard m.o.i., as was done in the fitness determinations with VSV (Holland et al., 1991 ; Duarte et al., 1992 ; Clarke et al., 1993 Clarke et al., , 1994 , although in this case this precaution was prompted by the need to avoid accumulation of defective-interfering particles. Some effects of frequency-dependent selection in VSV (Elena et al., 1997) could have been influenced by m.o.i.-dependence of relative fitness between two competing viruses.
It is remarkable that after 20 passages at high m.o.i. populations L and S coexisted with about the same relative proportions as in the initial mixtures. In the experiments of L gradually became dominant over S, but the infection conditions (2i10) p.f.u. infecting 2i10) cells) were not identical to those used in the present study (Methods and Figs 3 and 5) . It cannot be excluded that a larger number of passages would lead to the gradual dominance of L. Also, either a variant of S or L could suddenly displace the competing viruses, as predicted by the competitive exclusion principle shown to operate in the case of VSV (Clarke et al., 1994) . Population equilibrium among variants in evolving quasispecies is metastable (Eigen & Biebricher, 1988 ; Domingo et al., 1995) . In the present case, disequilibrium could be induced by reducing the m.o.i., as shown by modulation of the evolution of L-1p85 by m.o.i. (Fig. 5) . The results illustrate that RNA viruses can adapt to subtle environmental modifications. These types of adaptations may go unnoticed unless an assay to test them is available.
The adaptation of a virus to a given m.o.i. may have some implications for virus evolution in vivo. During systemic infections, large amounts of evolving mutant distributions [(with turnover rates of 10"! to 10"# newly produced virions per day in human infections by human immunodeficiency virus type 1 or by hepatitis B and C viruses) (McMichael & Phillips, 1997) ] interact with multiple cell types exposing a variety of potential receptors and coreceptors. Biases in quasispecies composition may result from the ratios of subsets of variants confronted with different types of susceptible cells. Adaptations of the type modelled in our FMDV-BHK-21 cell system represent yet another element of complexity in the evolution of RNA virus quasispecies.
